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Summary 
As renewable energies increase their role in the energy market, and as the photovoltaic technologies push towards lesser manufacturing costs and environmental impacts, Organic Solar Cells (OSC) emerge as an excellent alternative to traditional silicon wafer and thin-film technologies. Based on exciton generation and charge separation at an active donor-acceptor (n-p type) interface, OSC have shown power conversion efficiencies of 12% but still lack long-term stability and high-throughput processing. In particular, small molecule semiconductors (in comparison with polymers) stand out by their fine-tunable photoelectrical properties and their controllability and repeatability during fabrication.  Since it is the objective of this project to gain a deeper insight on the photon-to-electron conversion processes that determine the final Power Conversion Efficiency (PCE), Variable Illumination Measurements (VIM) were done in addition to the standard characterization techniques (Current-Voltage curves, External Quantum Efficiency). By analyzing the solar cell under a simplified electric circuit model, different cell performance parameters (RSeries and RParalell resistances, collection voltage VC) were extracted from the VIM data as a function of the short circuit current JSC. It is of special interest the effective mobility-lifetime (μτeff) of electrons and holes, which amid some underlying process assumptions (drift-driven and constant electric field within an intrinsic material) can be experimentally related to VC, obtaining a straightforward measure of the charge collection quality.  Fabrication of the devices was performed by vacuum (10-7 mbar) thermal evaporation of the different layers on a glass substrate, following the structure ITO (50 nm)/MoO3 (3 nm)/ donor:acceptor (X nm)/BCP (8 nm)/Al (150 nm), using state-of-the-art materials for the intrinsic layer (DBP:FullereneC70, 1:1) with two different bulk thicknesses (30 and 40 nm).   VIM data analysis showed that RS had little influence on the PCE, with values below 15 
Ωcm2, while low values of RP (< 50 k Ωcm2) indicate high current leakage that decreases performance. The diode saturation current (J0 = 10-5−10-9 mA/cm2) showed no clear indication of affecting J(V) behavior because the two methods employed (under dark and under illumination) were in contradiction. A higher μτeff product correlated to higher JSC, and consequently, higher charge collection efficiency.  In general, considering that the active materials selection was appropriate (high absorption, moderate exciton diffusion lengths), a poor PCE could be attributed to high current leakage and low μτeffs, resulting in very low fill factors (FF<45%) and low charge collection efficiencies.  Finally, signs of O2-induced degradation were seen as the cause for a 54% drop in JSC, and accordingly a 59% drop in the PCE, just thirty hours after fabrication. O2 diffusion was attributed to failure of the inert N2-atmosphere packing of the cell measuring prototype.   In conclusion, the VIM methodology was proven useful to further understand the organic solar cell operation mechanisms, showing a high degree of consistency with the proposed electric circuit model and proving its underlying assumptions are correct. Future works include optimization of the donor:acceptor ratio, standardization of the post-fabrication annealing procedure and further studies on degradation causes and prevention. 
 
 
 
 
Resumen 
A medida que las energías renovables tienen un mayor peso en el mercado energético, y el sector fotovoltaico tiende hacia menores costos de fabricación y reducido impacto ambiental, las Celdas Solares Orgánicas (CSO) ofrecen una excelente alternativa a las tecnologías tradicionales de silicio (tanto plafones como capa delgada). Las CSO, basadas en la generación de un excitón y su posterior separación en pares electrón-hueco en una interface activa donadora-aceptora (tipo n-p), han mostrado hasta ahora eficiencias de conversión de hasta 12%, pero aún carecen de estabilidad operativa a largo plazo y de procesos de manufactura comerciales. En particular, los semiconductores de pequeña molécula (en comparación con compuestos poliméricos) destacan por la especificidad de sus propiedades fotoeléctricas y el nivel de control y repetitividad durante su fabricación.  Con el objetivo de comprender los procesos de conversión de fotones en electrones que determinan la Eficiencia de Conversión de Potencia (ECP) de una celda, se realizaron Mediciones de Iluminación Variable (MIV) como suplemento a las técnicas de caracterización estándares (curvas Corriente-Voltaje J(V), Eficiencia Cuántica Externa). Al analizar la celda solar como un circuito eléctrico simplificado, distintos parámetros de rendimiento (resistencias RSerie y RParalelo, voltaje de colectación VC) fueron extraídos de los datos MIV en función de la corriente de corto circuito JSC. De especial interés es el producto movilidad-tiempo de vida efectivo (μτeff) de los electrones-huecos, que bajo ciertas suposiciones (arrastre de cargas predominante, campo eléctrico constante, material intrínseco) se puede relacionar experimentalmente al VC, obteniendo una medida directa de la calidad del proceso de recolección de cargas.  La fabricación de las celdas solares orgánicas se llevó a cabo por evaporación térmica al vacío (10-7 mbar) de las diferentes capas sobre un sustrato de vidrio, siguiendo la estructura ITO (50 nm)/MoO3 (3 nm)/ donador:aceptor (X nm)/BCP (8 nm)/Al (150 nm), utilizando materiales de última generación para la capa intrínseca (DBP:FulerenoC70, 1:1) con dos grosores distintos de heterounión (30 y 40 nm). 
 El análisis de los datos MIV mostró que RS tiene poca influencia en la ECP, con valores por debajo de 15 Ωcm2, mientras que valores bajos de  RP (< 50 k Ωcm2) indican altas fugas de corriente que disminuyen el desempeño. La corriente de saturación de diodo (J0 = 10-5 - 10-9 mA/cm2) no mostró una indicación clara de estar afectando el comportamiento J(V) debido a que ambos métodos utilizados (bajo oscuridad y bajo iluminación) ofrecieron datos contradictorios. A mayores coeficientes μτeff se obtiene una mayor corriente de corto circuito JSC, y por consiguiente, una mayor eficiencia de recolección de carga. En general, considerando que la selección de los materiales activos fue apropiada (alta absorción y moderada longitud de difusión del excitón), una pobre ECP puede ser atribuida a altas fugas de corriente y bajos valores de μτeff, resultando en factores de llenado muy bajos  (FF<45%) y bajas eficiencias de recolección de carga. 
   
 
 
 
 
Finalmente, signos de degradación inducida por O2 fueron observados como causa de una disminución del 54% y 59% en los valores de JSC y ECP respectivamente, solamente 30 horas después a la fabricación. La difusión del O2 se atribuye al fallo del sello que mantiene la atmósfera inerte de N2 dentro del prototipo de medición de celdas.   En conclusión, la metodología MIV probó ser útil para comprender los mecanismos internos de una celda solar orgánica, mostrando un alto nivel de consistencia con el  circuito eléctrico propuesto y probando que las suposiciones detrás del modelo son correctas. El trabajo a futuro incluye la optimización del ratio donador:aceptor, estandarización del templado térmico post-fabricación y estudios posteriores en las causas de degradación de la celda solar y su prevención.   
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1. Introduction  
1.1. The energy problem  In less than 50 years, world population has grown more than 50%, and along with it, energy production has increased proportionally, indicating a close relationship between human development and energy consumption. Despite the economic development associated to this growth, the global energy system is based upon finite and polluting fossil sources, causing a proportional increase of carbon dioxide (CO2) emissions (Figure 1). In 2011, 87% of primary energy was extracted from fossil fuels, while the CO2 concentration in the atmosphere averaged 390 ppm, 23% more than in 1990.                        Figure 1.1 Population, energy production (in tons of oil equivalent) and CO2 emissions. Data source: World Bank, 2011 [1]  Fossil energy sources are unsustainable because a) they destabilize the global climate by exacerbating the green house effect and b) they are finite and cannot guarantee energy needs of future generations. Proved reserves to current production ratios (R/P = years) indicate that we can only satisfy global oil demand for 55 more years, while natural gas and carbon can last 64 and 112 years respectively [2].  In addition to being an unsustainable energy system, it is also unequally distributed. Nations with high Human Development Indexes (HDI, a combined measure of life expectancy, education and income) are high consumers of energy per capita, while undeveloped nations are characterized by low HDIs and low energy consumption (Figure 1.2). Nowadays, 1.5 billion people lack electricity, while half the population still relies on traditional biomass for cooking and heating [3].  Despite these well-known facts, world energy consumption is expected to continue increasing, reaching 16,730 Mtoe in 2035 (36% more than in 2011), with China and India accounting for more than one third of the increment [4]. Global awareness and consensus efforts, such as the Kyoto Protocol (1997) and the Copenhagen Accord (2010), have led to regulatory and technological actions that intend to slow down climate change and develop a more sustainable energy system based on a larger share of renewable energies, such as solar photovoltaic. 
 2 
 2 
2 
 
 
 
                      Figure 1.2 Human Development Index vs energy consumption per capita. Size of sphere represents population. Source: Gapminder Global Trends, 2013 [5].  
Photovoltaics  In 2011, modern renewable energy sources (excluding traditional biomass) accounted for 8.2% of global final energy demand and covered 20.3% of electricity generation, reaching a total installed capacity of 1.360 GW (power generation) and 580 GWth (heat generation). Of all renewable sources, solar photovoltaics (PV) have the fastest development rate, growing an average of 58% for the last 5 years. At the end of 2012, 101 GW of PV had been installed worldwide, with Germany, Italy and Japan as leaders. Principal manufacturing countries are China, USA and Canada, with roughly 87% of the market covered by crystalline silicon wafer technology and the rest by thin film technologies. Due to rising production capacities and a large drop in silicon prices, module prices fell more than 40%, causing some of the big players in the industry to file for bankruptcy or halt their operations. This situation has also been aggravated by the economic crisis, cuts on government subsidies and allegations of price dumping from China [6].   When compared to other renewable sources, PV offers distinctive advantages. First, its abundance is such that a state-of-the-art photovoltaic technology (12% efficiency) would require only 0.4% of continental land to supply the present primary energy global demand1. Second, its scalability and grid-connection independence, ranging from a few kW in decentralized systems to hundreds of MW in a centralized solar farm. And third, its negligible operation and maintenance costs.  Nonetheless, the Levelized Cost of Energy (LCOE) for PV technologies remains non-competitive with wind energy and the electricity mix in general, due to high capital costs (predominantly from raw materials, wafer manufacturing and balance of system) and a great dependence on tax cuts and financing schemes. With a capacity factor mainly 
                                                 
1 Continental solar radiation equivalent to 2.52 x1013 toe/year. 
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determined by the sun light hours, PV relies on two targets in order to reach grid parity: achieve the highest efficiency possible and optimize materials utilization (Figure 1.3).                    Figure 1.3 LCOE forecast of renewable energies in Germany until 2030. Source: Fraunhofer ISE, 2012 [7].  PV research and development advances can be categorized in three different generations, with 2nd and 3rd generations trying to minimize raw materials and maximize power conversion efficiencies (Table 1.1). During the last decade, solar cells based on solid-state organic photoactive materials have been investigated as an alternative to silicon technology, which has showed to be costly, energy intensive and dependant on high purity silicon supply.  
Generation Technology 1st: Classic • Mono-Si       •III-V • Multi-Si 2nd: Thin Films • a-Si:H            • CIS/CIGS • CdTe 
3rd: New Concepts • Tandem       •Intermediate Band • CZTS             • Dye sensitized  
• HIT                • Concentration III-V  
• Organic        •Quantum Dots  Table 1.1 PV technologies by generations.  
Organic Solar Cells  Since their first successful demonstration in 1978 [8], Organic Solar Cells (OSC) have been developed by using semiconducting organic materials which are capable of absorbing light and photo-generate charge carriers. Since they are thin film devices (less than 200 nm thick without supporting substrate), the raw material burden is such that the life cycle contribution of each constituent in minimum, resulting in a low embodied primary energy (J/Wpeak). This translates into low energy-spent to energy-produced ratios, meaning that Energy Pay-Back Times (EPBT) could be less than one year. In the same manner the Global 
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Warming Potential (GWP), or life cycle CO2 emissions, could be below the electricity mix average [9] (Table 1.2). The possibility of fabricating large area devices in a continuous process (i.e. roll-to-roll, R2R) also favors a low production cost, and eventually, a competitive LCOE.   
Technology ƞ 
Embodied 
energy 
(GJPrim/kWp) 
EPBT 
(years) 
GWP 
(eqCO2/kWh) 
Source 
Mono Si  14% 37.4 2.7 81 [10] Multi Si  13% 29.8 2.1 62 [10] GaInP  26% 30.0 2.1 65 [11] a-Si  7% 15.9 1.1 34 [12] CdTe  9% 22.6 1.6 50 [13] Polymer  Lab 10% 28.0 2.0 61 [14] 
Polymer R2R  3% 12.3 1.4 35 [9]  Table 1.2 PV technologies’ embodied energy, energy pay-back time and life cycle CO2 emissions.  However, in order to become cost-competitive against silicon solar cells, OSC technology still needs to a) reach  conversion efficiencies above 10%, b) overcome environmental degradation and attain 10 years or more of operational stability, and c) be industrially feasible and allow for low manufacturing costs [15]. The maximum conversion efficiency achieved to date is 12% (Heliatek GmbH and IAPP, [16]), while theoretical calculations suggest efficiencies up to 24% in single junction devices [17] (Figure 1.4).                  Figure 1.4 Conversion efficiencies of OSC. Adapted from http://orgworld.de, 2013 [18]  OSC can use a great diversity of semiconductor chemical compounds which are combined as a junction (usually an electron donor with an electron acceptor) in order to optimize the light absorption and charge generation of the device. The chemical nature of the materials determines the fabrication method and, in some cases, the performance of the solar cell:  
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a) Oligomers: semiconducting materials consist of small molecules that are thermally evaporated in high vacuum under very controlled depositing conditions, allowing for consistent chemical and photoelectrical properties. The highest efficiencies to date have been achieved with these materials, both in laboratory and industry, and continuous R2R processes have already been demonstrated. Still, the vacuum and high temperature requirements increase the embodied energy and cost of the devices, hindering commercialization efforts (Figure 1.5).                                                         Fullerene C60                                        Fullerene C70     
(acceptors)                        SubPc                                                        DBP                                                                  CuPc                            Pentacene  
(donors)  Figure 1.5 Oligomers used in small molecule solar cells.  
b) Polymers: materials are constituted by long-chain polymers, and because of their high molecular weight, they are solution-processed by techniques such as spin coating and doctor-blading. In contrast to small molecule materials, industrially feasible techniques are abundant (slot-die coating, screen printing, ink-jet printing, or spray deposition, all of them in continuous R2R), and since they require no special atmosphere or high temperatures, they can be commercialized at much less cost with fewer energy requirements. Konarka Technologies achieved 9% conversion efficiency on a marketable product [19]. On the other side, consistency in chemical and photoelectrical properties is more difficult to control (Figure 1.6).  Both polymer and small molecule cells are considered competitors in the OSC field, the former achieving record efficiencies and the latter leading commercialization efforts. Yet, small molecule OSC have significant advantages over polymeric materials:     
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                                                                                                        P60CBM                                                                              ICBA                         
(acceptors)  
          TT       BDT                                 PCDTBT                                                                  P3HT 
(donors)  Figure 1.6 Polymers used in small molecule solar cells.  
a) Properties flexibility: a broad range of chemicals can be synthesized in order to obtain a desired response.  
b) Properties repetitiveness: controlled depositing rates allow for consistency and reliability.  
c) Model simplicity: the lack of randomness associated to long polymer chains simplifies understanding the physical behavior and its modeling.  
d) Multi-layering: because of a better control of the surface morphology, the deposition of multi-layers is easier. 
 
e) Lack of solvents: use of solvents like chlorobenzene and toluene is avoided, simplifying layer formation dynamics and decreasing the environmental impact.        
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1.2. Physics of Organic Semiconductors  By definition, an organic semiconductor exhibits an electrical conductivity midway between a metal and an insulator. When the semiconductor is modified with positive and negative (p and n type) impurities and is affected by an external energetic stimulus such as visible light, it promotes the photovoltaic effect and generates an electric current.  
Orbitals and energy levels  The potential of organic semiconductors to absorb solar radiation and conduct electric current is explained via the sp2 hybridization of s and p orbitals in the double molecular bond that characterizes carbon molecules (–C=C–). This double bonding, formed by one σ- and one π-bond and their corresponding anti-bonds (σ* and π*), has specific energy levels that permit electron transitions between levels (Figure 1.7).   In its unexcited state, electrons fill the low energy π orbital (known as the Highest Occupied Molecular Orbital - HOMO), while the high energy π* orbital is unoccupied (known as the Lowest Unoccupied Molecular Orbital - LUMO). Since the σ and σ* bond energies are respectively too low and too high, the most common energetic transition is π–
π* with an energy magnitude known as band gap (Egap). Therefore, π–electrons and π–π* (HOMO-LUMO) transitions are what determine the photoactive behavior of organic semiconductors.               Figure 1.7 Energy levels of a molecular double carbon-carbon bond before and after light excitation.  This concept can be better understood by making an analogy with the band diagram of a solid semiconductor, in which an electron transfers from the (full) valence band into the (empty) conduction band. In this sense, the valence band is equivalent to HOMO and the conduction band is equivalent to the LUMO. Just as with silicon semiconductors, a negative electron (e) transferring to a higher level means that a positive hole (h) is left behind, and it is both e and h (or charge carriers) that contribute to electric current generation.    Due to an isomery effect, organic structures that contain benzene rings have their π-bonds not fixed in space but delocalized, forming a “cloud” of electrons that decreases the effective Egap and facilitates the absorption in the near UV, visible and near IR range, making these materials ideal for photoactive applications. 
LUMO  HOMO 
Excitation by light 
Electron Hole 
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Donor-Acceptor system 
 Just as a pure silicon semiconductors need negative (n) and positive (p) dopants to generate the electrons and holes, organic semiconductors work in donor-acceptor (D-A) pairs. While the p-type material donates electrons through the D-A interface, the n-type material accepts them. The characteristics of this heterojunction (HJ), such as its thickness and surface area, is critical for the performance of the OSC (see section 1.3). 
 For an OSC to operate optimally, the selection of donor and acceptor materials is done by measuring both their ionization potential and their electron affinity:  
a) The ionization potential (IP) is the energy required to remove an electron from the molecule in its neutral state. The donor material, which will be giving away electrons, needs to have a lower IP than the acceptor, so that electrons can be promptly extracted (IPD < IPA). The IP is equivalent to the HOMO level.  
b) The electron affinity (EA) is the energy released when a neutral molecule accepts an electron. The acceptor material, which will be receiving the electron, needs to have a higher EA than the donor, so that electrons can be swiftly accepted (EAD < 
EAA). The EA is equivalent to the LUMO level.  HOMO and LUMO levels are the most used acronyms on literature, although the physical fundaments lie in the IP and EA of the molecules.  
Excitonic solar cells   When an organic donor-acceptor system is excited by a stream of photons, the electron-hole pairs are not readily generated as in silicon semiconductors. Instead, intermediate quasiparticles known as Frenkel excitons are generated, consisting of an electron-hole pair bonded by electrostatic forces.   In order to establish a current flow, these excitons need to disassociate at the D-A interface so that electrons and holes can travel to their corresponding electrodes. Unfortunately, excitons in organic semiconductors tend to have quite short lifetimes (τEX < 10 ns). Consequently, the mean distance they travel before they extinguish, LEX, is very short too (1 – 20 nm) according to the relation 𝐿𝐸𝑋 = �𝐷𝐸𝑋𝜏𝐸𝑋 (where DEX is the exciton diffusivity coefficient). This limits the thickness of the D-A active layer to a few nm only.  Considering this, the conversion of light into electric current can be split into four different elemental processes, each one with its own efficiency ηj (Figure 1.8) [20]:  1° Photon absorption and exciton generation, ηA. 2° Exciton diffusion to the D-A interface, ηED. 3° Exciton disassociation into electron-hole pairs, or charge transfer, ηCT. 4° Charge transport and collection in the electrodes, ηCC.  
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Figure 1.8 Elemental processes of a planar HJ OSC: (1) Photon absorption and exciton generation; (2) exciton diffusion; (3) exciton dissociation; (4) carriers transport and collection. Ionization potentials (HOMO level) and electron affinities (LUMO level) are referred to the vacuum (absolute) state.  The overall photon-to-electron efficiency, known as External Quantum Efficiency (EQE), is defined as the ratio of photo-generated carriers collected by the electrodes to the number of the incidental photons:  
𝐸𝑄𝐸 = 𝜂𝐴 × 𝜂𝐸𝐷 × 𝜂𝐶𝑇 × 𝜂𝐶𝐶 = No.  external circuit electronsNo.  incident photons                      (1)  In most cases, the limiting process is the exciton diffusion due to low exciton diffusion length LEX. Optimizing each individual efficiency is not a simple task, usually because increasing one term will have a detrimental effect on the other.   
EQE is also related to the Spectral Response (SR) of the solar cell  
𝐸𝑄𝐸(𝜆) = 𝑆𝑅(𝜆) ℎ𝑐
𝑞𝜆
= 𝐽𝑝ℎ(𝜆)
𝑃𝑖𝑛(𝜆) ∙ 1239.8𝜆                                                (2)   where SR is in Ampere/Watt,  λ in nm, h is the Planck’s constant, c is the speed of light, q the elementary electron charge and Jph (in Ampere per unit area) is the photogenerated current density. Note that the incidental power Pin, and subsequently Jph, are a function of the solar spectrum. Unlike inorganic semiconductors that absorb those wavelengths with energy greater than their bandgap, organic semiconductors have a specific absorption spectrum which limits the amount of light harvested [21] (Figure 1.9).   
1.3. Organic Solar Cell Design  
 An efficient OSC design needs not only to maximize the different photon-to-electron conversion efficiencies. It is also a compromise between its structural, electrical, optical and chemical properties. Different architectures and structural designs, along with new materials and novel active materials, have made possible the increments on performance observed during the last decade.  
E 
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                  Figure 1.9 Solar spectrum AM 1.5 (Global) and regions absorbed by silicon and organic solar cells. Adapted from http://www.zianet.com   
Architectures   Figure 1.10a describes a layer arrangement for the case of a small molecule OSC. The D-A materials (p and n type) is the active photogenerating layer of the device. A Transparent Conductive Oxide (TCO) is used as anode due to its ability to transmit light and conduct charge, while aluminum is used as cathode. Hole Transport Layers (HTL) and Electron Transport Layers (ETL) are used to promote the transfer of h and e into the anode and cathode respectively.  Figure 1.10b depicts three different kinds of heterojunction morphologies. In a Bilayer HJ the donor and acceptor materials are stacked together with a planar interface. In a bulk HJ both materials are thoroughly mixed together so that their interfaces are within a distance less than the exciton diffusion length. If the mix has a ratio of 1:1, n and p charges are equalized and the mix is said to be intrinsic (i). A combination of both cases is the diffuse bilayer HJ, which has an enlarged D-A interface in addition to a continuous path for e and h to reach their corresponding electrodes. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
                                                                     (a)                                                                      (b) Figure 1.10 (a) Solar cell architecture and (b) possible heterojunction morphologies. Adapted from [15]. 
Solar spectrum (AM 1.5-G, 1000 W/m2) 
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~      5 nm 
~    50 nm 
~1000 μm 
 Bilayer     Bulk (intrinsic when x:y = n:p = 1:1)   Difusse bilayer (p-i-n)   
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Materials selection  
a) The first criterion to consider when selecting a donor-acceptor pair refers to their ionic potentials (IPD<IPA) and electron affinities (EAD<EAA). For the charge transfer process (ηCT) to be energetically favorable, the energy that binds the exciton, EEX, needs to meet the condition EEX > IPD – EAA. An empirical way to confirm this is when ΔLUMOD-A > 0.3 eV [17] [22].   Selection of materials with appropriate HOMO-LUMO levels also determines the maximum attainable open circuit voltage (VOC), according to:  
𝑞𝑉𝑂𝐶
𝑚𝑎𝑥 = 𝐼𝑃𝐷 − 𝐸𝐴𝐴 − 𝐸𝑒−ℎ                                           (3)  where Ee-h is the binding energy of the e-h geminate pair after charge transfer [23].   
b) Secondly, since ηA is controlled mostly by the absorption spectra of the active layers, selection of the D-A materials needs to maximize the absorption across a greater part of the solar spectrum. Although photons enter the cell directly facing the donor material, some of them might not be absorbed and will go through the donor layer until they are absorbed by the acceptor, emphasizing the importance of good absorption properties in both active materials (Figure 1.11).                 Figure 1.11 Absorption spectra for DBP (90 nm), C70 (50 nm) and active layer DBP/C70 (10 nm/40 nm).  Layer thickness is also critical for absorption, since a very thin layer will not suffice. Finally, highly crystalline materials seem to correlate to wider absorption spectra, while amorphous structures have narrow and pronounced peaks [21].  
c) The selection of the anode/cathode materials is not only based on their high electrical conductivities, but also on their electrochemical potentials, known as work functions Wi. The difference in electrode potentials creates an internal electrical field which is measured as a built-in voltage Vbi = Wanode − Wcathode. As a general rule, Wanode and Wcathode have to match the HOMOD and LUMOA respectively.  
d) Finally, materials need to be thermally stable and have a suitable sublimation temperature for their deposition. 
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Active layer thickness   
For a ηA ≈ 100% the active layer would need to be around 100 nm, which is larger than the exciton diffusion length LEX and sets a limit to ηED (usually <10%). It has been proved that optimal thickness of the active D-A layer is approximately equal to the exciton diffusion lengths of each constituent layer, where LEX is between 5 and 30 nm for most photoactive molecular organic materials used in PV cells [24]. This is due to organic materials having high enough absorption coefficients (> 105 cm-1) that compensate for this drawback, causing a thin active layer to be sufficient [25].     
Active layer morphology  It has been suggested that a high degree of crystallinity of the organic material improves the mobility of the charge carriers, which in turn increases the OSC performance [26] [27]. One way to modify crystallinity is by controlling the deposition temperature, so that vaporized molecules attain a specific grain size and orientation. Figure 1.12 shows an Atomic Force Microscopy image of a deposited DBP layer at different substrate temperatures. Below 70 °C the surface is smooth (roughnessRMS < 1 nm) with small round grains, contrasting with rough surfaces (roughnessRMS > 4.5 nm) and large defined grains above 90°C [27].                    Figure 1.12 AFM images of DBP films at (a) RT, (b) 50°C, (c) 70°C, (d) 90°C, (e) 110°C, (f) 150°C. Source: [27]  For this case in particular, the structure deposited with a substrate temperature of 90°C had an increase of 61% in the power conversion efficiency, showing a good correlation with the rod-like directional grains obtained at the same temperature [27].  Post-deposition treatments such as thermal annealing and passing high current through the device have a positive effect by re-crystallizing the material and decreasing shunts (leakage current) [28] and possibly by increasing the charge carrier mobility [29].   
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Active layer transport properties  The carrier collection efficiency ηCC depends on two driving forces. The first is the built-in voltage Vbi, which leads to a drift current Jdrif that depends on the mobility μi of each carrier through the organic media. The second driving force is set by the concentration gradients of each carrier, which results in a diffusion current Jdiff. The sum of both is the total current for that particular carrier. For electrons:  
𝐽𝑒 = 𝐽𝑑𝑟𝑖𝑓𝑡 + 𝐽𝑑𝑖𝑓𝑓 = 𝑞𝜇𝑒𝑛𝑒𝐸�⃗ + 𝑞𝐷𝑒∇ ne                                         (4)  where ne is the concentration of electrons and 𝐸�⃗  is the electric field. Depending on the type of HJ, Jdiff can be negligible, in which case the mean distance a charge carrier can drift under an electric field before suffering electron-hole recombination is:  
𝑙𝑑𝑟𝑖𝑓𝑡 = 𝜇𝑖𝜏𝑖𝐸�⃗                                                                             (5)  The product μiτi, (mobility of the carrier by its life time) has to be maximized in order to attain a good cell performance. From adding the contributions of both charge carriers:  
𝜇𝜏𝑒𝑓𝑓 = 𝜇𝑒𝜏𝑒 + 𝜇ℎ𝜏ℎ                                                                 (6)  a global or effective μτ is  obtained, describing the behavior of the OSC in a general way. 
 
Solar cell current density -voltage characteristics  The characteristic current density-voltage J(V) response for a solar cell is shown in Figure 1.13.  The key performance parameters are the Open Circuit Voltage (VOC), Short Circuit Current Density (JSC), Power Conversion Efficiency (PCE), Fill Factor (FF), the Maximum Power Point coordinates (JMPP, VMPP), the Short Circuit Resistance (RSC) and the Open Circuit Resitance (ROC).                   Figure 1.13 Typical J(V) and P(V) responses for a solar cell and main performance parameters. Voltage 
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1.4. Project objectives 
 It can be concluded that organic materials having a long exciton diffusion length LEX and a high carrier mobility-lifetime product μτ are desirable for improving the power conversion efficiency. Complex experimental methods and computational modeling can be used to determine the individual mobilities (μe, μh) and lifetimes (τe, τh) of the charge carriers, but they can be time and effort consuming.   Since the primary motivation of this work is to further understand the photon-to-electron conversion processes occurring in small molecule organic solar cells, a simple methodology based on Variable Illumination Measurements (VIM) has been used to achieve the following objectives:   
a) Analyze VIM data to determine the value of the parameters that fit an equivalent solar cell circuit model.  
b) Analyze these parameters and determine an effective μτ for a series of organic solar cells with intrinsic (donor:acceptor ratio of 1:1) bulk heterojunction.  
c) Establish a link between the VIM parameters and cell degradation.                             
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2. Experimental methods  
2.1. Materials   
Indium Tin Oxide (ITO)  ITO is the standard TCO material in OSC laboratory fabrication, although serious concern exists regarding indium availability and its contribution to the embodied energy of the final device (up to 87% [9]). ITO pre-sputtered glass substrates (supplied by Luminiscence Technology Corporation) consisted of a 15 x 15 x 0.7 mm glass with 45 nm thick ITO over an area of 15 x 10 mm. The sheet resistance of ITO layer is 9 – 15 Ω/□, and the glass transmission is reported to be above 84% at 550 nm.    
Molybdenium Oxide (MoO3)  The work function of the ITO is 4.7 eV, which doesn’t match well the HOMO of DBP (5.5 eV) and could cause a poor hole exchange at the interface. Therefore, a thin layer of MoO3 is used for better matching of the band structure [30]. This anode buffer layer acts as a hole-transport media, promoting hole injection into the anode and decreasing the series resistance [31]. It also acts as an electron blocker, preventing electron transport into the anode [20]. The sum of these effects results in a higher performance. MoO3 powder (supplied by Sigma Aldrich) had a purity of 99.99%.  
Tetraphenyldibenzoperiflanthene (DBP)    This novel material has just started being used as an electron donor, having unique properties such as a) HOMO level of 5.5 eV, resulting in a VOC > 0.9 V [32]; b) high absorption coefficient, especially in the 550-600 nm range where the spectrum energy is higher, leading to a higher JSC [32]; c) long LEX (16±1 nm), and a high hole mobility (∼ 10-4 cm2/V⋅s) [33]; and d) preferable molecule orientation parallel to the substrate surface (perpendicular to light propagation), which results in improved optical properties [34]. It is also a non-halogenated material, having a lesser environmental impact. DBP powder (supplied by Sigma Aldrich) had a purity of 99.9%.  
C70 Fullerene  
 Fullerenes are widely used as acceptor material due to a) their complimentary absorption spectrum in relation to donor materials; b) its long LEX (40±5 nm) [24]; and c) its high electron mobility (5 x 10-2 cm2/V⋅s) [25]. Replacing C60 with its 70-carbon analogue has been reported to have a higher absorption in the visible range, plus having more allowance in the HOMO-LUMO transitions [25] [35]. Fullerene C70 (supplied by Sigma Aldrich) had a purity of ≥ 99%. 
 
Bathocuproine (BCP)  Since it is suspected that metal electrodes quench the excitons in the acceptor material, transparent  exciton-blocking  layers (EBL)  are  deposited  as a  cathode  buffer [25].   The 
16 
 
 
 
most popular EBL is BCP, which prevents the exciton to reach the cathode. Because BCP also has high electron mobility, it acts as an electron transport material and as a thermal protector when the cathode is deposited by thermal evaporation [20]. BCP powder (supplied by Sigma Aldrich) had a purity of ≥ 99.9%.  
Aluminum   Ag, Au or Al can be used as metal cathodes in an OSC, although aluminum is preferred due to its high conductivity and low price. Aluminum pellets (supplied by Sigma Aldrich) had a purity of ≥ 99.999%.    
2.2. Fabrication Procedure  The band schematic of these materials is shown in Figure 2.1 for a bilayer HJ device, with some of their properties shown in Table 2.1. Thicknesses for MoO3 and BCP had been previously optimized to 3 nm and 8 nm respectively. DBP thickness of 10 nm was taken as an optimal from different publications [36] [32] [34], and C70 thickness was selected to be 40 nm. Optimal substrate temperature for DBP layer was found to be 60°C, obtaining the highest efficiency for the bilayer structure (Figure 2.2). For the case bulk HJ, a DBP:C70 mix ratio of 1:1 was used in order to approximately obtain a true intrinsic layer. None of the organic materials was further purified to increase its purity.       
     Figure 2.1 Materials and band structure for OSC ITO/MoO3/DBP/C70/BCP/Al (bilayer HJ).   
Material 
Initial T (oC)(10-7 mbar) Thickness(nm)/ Dep Time(min) Density (g/cm3) MW (g/mol) Molecular formula HOMO-LUMO (eV) 
ITO / 45/NA ≈7.14 ≈263 In2O3/SnO2 (9:1)  4.7-0 [34] 
MoO3 / 3/≈5 4.69 143.9 MoO3 5.4-2.3 [30] 
DBP ≈250-300 10/≈30 N/A 804.9 C64H36 5.5-3.5 [37] 
C70 ≈300-310 40/≈90 1.7 840.7 C70 6.1-4.2 [37] 
BCP 100-120 8/≈15 1.17 560.4 C26H20N2 6.0-3.5 [38] 
Al / 150/≈70 2.7 26.9 Al 4.1-0 [34]  Table 2.1 Thicknesses used for OSC ITO/MoO3/DBP/C70/BCP/Al (bilayer HJ) and material properties.  
vacuum level 
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               Figure 2.2 DBP layer substrate temperature vs efficiency for OSC ITO/MoO3/DBP/C70/BCP/Al (bilayer HJ), showing 60°C as optimal temperature. Insert shows J(V) curves.  
Substrate cleaning   All substrates were thoroughly cleaned in order to remove any remaining pollutants, as well as to increase the work function of the ITO layer [39]. Cleaning procedure consisted of 1) ultrasonic acetone bath 30 min; 2) ultrasonic isopropanol bath for 30 min; 3) drying with N2; 4) UV-zone treatment for 30 min. Substrates were then transferred to the N2-atmosphere glove box (MBraun, MB200B) where the different layer depositions were done (Figure 2.3).              Figure 2.3 MBraun N2-fed glove box (MB200B) with evaporation chambers.  
Vacuum deposition  
 Deposition of the metallic compounds (MoO3 and Al) was performed on chamber no. 1 (MBraun, MB-Ecovap, Figure 2.4), while deposition of the organic materials was performed on a home-made system (chamber no. 2). Both chambers have a power supply as heat source for evaporation and two Quartz Crystal Microbalances (QCM) whose change in voltage frequency (piezoelectric effect) is interpreted as the deposition rate (in Å/s) [40]. All evaporations were done in manual control, although the automatic mode is available for chamber no.1. 
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            Figure 2.4 MB-Ecovap (chamber no. 1) for metals deposition and Microbalance Crystal Quartz for measuring the deposition rate.  a) MoO3 was deposited at a base pressure of 10-7 mbar at a rate of 0.1 Å/s. Substrate holder was rotated at 30 rpm to ensure a uniform deposition. The material was placed in a tantalum folded boat which is connected to the power source.   b) Organic materials were deposited one at a time (except for co-deposition of D-A materials at a ratio of 1:1). Individual rates were 0.1 Å/s, and base pressure was 10-7 mbar. Each organic material had its own source, individually managed by two temperature controllers, plus a third one that controlled the substrate temperature (Figure 2.5).              Figure 2.5 Home-made evaporation system (chamber no. 2) for organic layers deposition; diagram of temperature controllers for the five evaporation sources and the substrate holder.  c) Aluminum metal was deposited over the organic layers at 10-7 mbar with 30 rpm rotation. Manual operation of the deposition was critical to avoid damaging the organic layers and shorting out the device. The rates used were: <0,05 Å/s for the first 2 nm, <0,2 Å/s for the next 20 nm, then <1 Å/s up to 150 nm. The aluminum pellets were placed in a tantalum folded boat which is connected to the power source.   
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The aluminum contact evaporation is done through a shadow mask to fix the area of the cell resulting in 4 cells per substrate, each with an area of 0.075 cm2 (Figure 2.6a).   
2.3. Cell characterization  All characterization measurements were performed using a prototype (manufactured by microLIQUID) that keeps the sample under N2 atmosphere, avoiding premature degradation by O2 of other contaminants. The prototype allows to measure 4 substrates (4x4 cells total) (Figure 2.6b). The American Society of Testing and Materials (ASTM) sets the standard criteria for measuring PCE and EQE in all laboratories, so that reliable and accurate results are always obtained [41].              Figure 2.6 a) Final 15x15 mm substrate with four cells, as defined by the shadow mask used in Al-deposition. b) Prototype for characterizing cells under N2 atmosphere.  
Power Conversion Efficiency (PCE) measurement   Figure 2.7 shows the schematic of the PCE measurement system (Newport Oriel Instruments, Sol1A), in which the OSC is illuminated by a simulated solar spectrum (1.5 Air Mass) and the J(V) curve is obtained by a voltage sweep (HP DC Source, 4142B). The output light power is calibrated daily to 1,000 W/m2 with a pyranometer.   
 
 
 
 
 
 
 
 
 
 
 
 
  Figure 2.7 Power Conversion Efficiency measurement system 
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External Quantum Efficiency (EQE) measurement   Figure 2.8 shows the schematic of the EQE measurement system (PV Measurements Inc, 
QEX10), which uses a monochromatic light source from a xenon arc lamp (as filtered by a chopper and individual filters) to apply a scanning wavelength to the OSC under test. The induced current is amplified and compared to the incident power.  
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2.8 External Quantum Efficiency measurement system. The bias light, which serves as an operation point of the device, was not used. 
 
Variable Illumination Measurement (VIM) method  Figure 2.9 shows the schematic of the VIM home-made system, which measures and analyses the J(V) curve under logarithmically varying illumination levels [42]. The incident light, coming from a constant DC halogen lamp, changes its intensity by using neutral grey filters, ensuring a similar illumination spectrum.  
 
 
           Figure 2.9 Variable Illumination Measurement system 
 
Others 
 Optical characterization of fabricated OSC and individual organic layers was done with an UV-VIS-NIR Spectrometer (Shimadzu, UV3600), obtaining transmittance and absorbance spectra. A profilometer (Veeeco, Dektak 150) was used to confirm the thicknesses obtained during deposition. Finally, an Atomic Force Microscope (Veeco, NanoscopeV) was used to determine the morphology of the organic layers. 
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3. Cell properties from Variable Intensity Measurements(VIM)    
3.1. Current density-Voltage J(V) characteristics   Figure 3.1 and Table 3.1 show the J(V) curve and main performance parameters for a series of bulk HJ organic solar cells with different intrinsic layer thicknesses.                    Figure 3.1 J(V) curve for OSC ITO/MoO3/DBP:C70(1:1)/BCP/Al for two different bulk thicknesses.  
 PCE FF PMAX,  mW/cm2 JSC,  mA/cm2 VOC, V JMPP,  mA/cm2 VMPP, V DBP:C70(1:1)(40nm) 3.93% 43.3% 3.93 -11.20 0.81 -7.28 0.54 DBP:C70(1:1)(30nm) case 1 1.76% 39.0% 1.76 -6.19 0.73 -3.67 0.48 DBP:C70(1:1)(30nm) case 2 2.82% 36.8% 2.82 -10.78 0.71 -6.71 0.42  Table 3.1 Main performance parameters for OSC ITO/MoO3/DBP:C70(1:1, X nm)/BCP/Al (bulk HJ).  At first glance, the difference in conversion efficiencies could be attributed solely to the variation in the intrinsic layer (i-layer) thickness, in which the 40 nm device has more absorption and therefore more charge carrier generation than the 30 nm ones. Nevertheless, the difference between case 1 and 2 suggests that other quality factors, such as layer imperfections and poor electrical properties, are in play. This becomes evident as the quantum efficiency of the devices is analyzed.   
3.2 External Quantum Efficiency  Figure 3.2 shows the EQE measurement as a function of wavelength for the aforementioned organic solar cells. The shape of the curves somewhat resembles the absorbance spectra form Figure 1.11, where the first band is attributed to C70 and the last two bands are due to DBP. By comparing the EQE data, it becomes apparent that the difference in i-layer thicknesses is not the sole factor defining the maximum PCE. 
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                 Figure 3.2 EQE for OSC ITO/MoO3/DBP:C70(1:1, X nm)/BCP/Al (bulk HJ). Insert shows the correlation between EQE and cell absorption.   As defined in Eq. 1, the external quantum efficiency depends on four separate process efficiencies, each one contributing to the overall EQE. Firstly, the absorbance efficiency ηA is limited by a) the absorbed photons with Ephoton > Egap, b) unabsorbed photons due to optical losses (mainly reflection in the interfaces and absorption in the semi-transparent electrode), and c) the thickness of the active layer, which cannot exceed the exciton diffusion length LEX in order to maximize the exciton diffusion efficiency ηED.   For the OSC series under study, DBP has a peak absorption coefficient of 4.2 x105 cm-1 (λ = 610 nm) (see Figure 1.11) and a LEX of 16 ±1 nm [33], balancing a high absorption with a relatively large LEX (considering both DBP and C70 are evenly mixed). This could justify the higher EQE for the 40 nm i-layer, which absorbs more photons and has higher ηED.   The charge transfer efficiency ηCT not only depends on energetically favorable IP/EA levels, but also and quality of the layer (no defects or recombination centers) and the presence of HTL and ETL layers that allow high extraction velocities. Finally, the carrier collection efficiency ηCC depends on high μτeff values and high electrode conductivities.   Since all three devices meet the condition EEX > IPD – EAA (empirically checked with 
ΔLUMOD-A > 4.2 – 3.5 > 0.3 eV), the difference between both 30 nm i-layers could be due to defect-induced recombination, having low ηCT. Finally, low charge mobilities and short lifetimes (poor μτeff) could be hindering the charge collection process.  In order to further analyze charge generation/transport processes and determine the causes for low PCE, it is useful to analyze the solar cell as an electric circuit2.   
                                                 
2 From this section on, only DBP:C70 (40 nm) and DBP:C70 (30 nm) case 1 will be discussed due to data availability. 
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3.3. Equivalent circuit and VIM measurements 
Equivalent solar cell circuit  Figure 3.3 depicts a simple electric circuit that models the J(V) behavior of a solar cell (not considering the dashed segment).           Figure 3.3 Generic equivalent circuit (without dashed segment) describing the real behavior of a solar cell.  The origin of the photocurrent Jph at open circuit conditions (V = 0) is explained by integrating the EQE coupled with the photon flux of the sun (area under the curve):   
𝐽𝑝ℎ�𝑉=0 = 𝐽𝑆𝐶 = 𝐴𝑐𝑒𝑙𝑙−1 ∫ Φ𝑝(𝜆)𝐸𝑄𝐸(𝜆) 𝑑𝜆𝜆=𝜆𝑔𝑎𝑝𝜆=0                                  (9) Figure 3.3 shows how the photocurrent −Jph (taken as negative by convention) is constrained by a Shockley diode described by:    𝐽𝑑𝑖𝑜 = 𝐽𝑜 �𝑒 𝑉𝑛𝑉𝑇 − 1�                                                         (10)  where JO is the reverse bias saturation current, n is the diode ideality factor (n = 1 for ideal), V is the voltage applied to the diode and VT is the thermal voltage (taken as 
𝑉𝑇 = 𝑘𝑇 𝑞⁄ , where k is the Boltzmann constant and T the operation temperature). In fact, the J(V) curve of an ideal solar cell has a typical diode response but shifted into the fourth quadrant due to the negative photogenerated current.   
These generation (−Jph) and loss (JO) terms are further restrained by non-idealities of the circuit, mainly by a series resistance RS and a parallel resistance RP, which dissipate power and reduce the efficiency of the cell. An extra loss term is Jrec, which is attributed to electron-hole recombination and is depicted as a current sink (opposite to Jph). This term will be later added into the equivalent circuit in order to model the behavior of an intrinsic bulk HJ (see section 3.3).   The sum of all generation and loss terms gives Eq. 11, which will describe the real behavior of a device (note it is an implicit function and needs a numerical method to be solved) [43]:    𝐽(𝑉) = −𝐽𝑝ℎ + 𝐽𝑜 �𝑒𝑥𝑝 (𝑉−𝑅𝑆𝐽)𝑛𝑉𝑇 − 1� + 𝑉−𝑅𝑆𝐽𝑅𝑃 + 𝐽𝑟𝑒𝑐                                (11) 
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RS is attributed to poor conductivity of the materials, while RP is due to current leaks through the cell (Jleak). However, the magnitude and impact of these resistances also depend on the area3 of the device and its operation point at certain illumination level.   
VIM illumination levels  The logarithmic variation on the illumination intensity can be classified in five distinct levels, each one of them with a characteristic J(V) curve (Figure 3.4):   
  Figure 3.4 Five illumination levels used in the VIM method, where Level C ≈1 sun. Adapted from [42].  Level A) At very low illumination levels, J(V) is completely shaped by the parallel resistance RP, which is equal to both RSC and ROC. The low value of RP causes the VOC to be at a minimum and the FF is equal to 0.25.  Level B) By increasing the illumination, the inverse slope RSC is still equal to RP , which shapes the short circuit region of the measurement while the rest is affected by the physics of the heterojunction. Both the VOC and the FF increase.    Level C) In this regime, the J(V) curve is not affected by neither RS nor RP but by the physics of the heterojunction. This fact will be used to determine μτeff. Also, the FF reaches a maximum and the device is at its optimum operating point (≈1 sun).  Level D) Further increasing the illumination level, the inverse slope ROC equals the series resistance RS, which begins to affect the open circuit region of J(V) while the rest remains shaped by the physics of the HJ. While VOC increases, the FF starts to decrease.  Level E) At very high illumination levels J(V) is completely shaped by the RS, which is equal to both RSC and ROC. At this level, VOC reaches a maximum while the FF is 0.25.  
Evaluation of parameters and discussion  In order to estimate each of the terms in Eq. 11, the VIM method was applied to the aforementioned solar cell series. Two illumination ranges were used: a short range from <1 to 1/104 suns (i-layer of 40 nm) and a long range from ≈ 4 suns to 1/104 suns (i-layer of 30 nm). A computer software measured the J(V) curves of each illumination level (logarithmical variation) and extracted information such as JSC, VOC, FF, RSC and ROC, among others. These parameters were then plotted as a function of the short circuit current JSC, avoiding the need to use calibrated illumination levels [42].  
                                                 3In order to compare R values between different area cells, R is calculated in Ω⋅cm2 (R⋅A= V/J) 
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Series resistance RS  Figure 3.5 shows ROC as a function of log(JSC), reaching the value of RS at the highest illuminations.  The main contribution for  RS comes  from low conductivities of  the bulk                       Figure 3.5 ROC as a function of log(JSC).  active layer (low carrier mobilities) and the electrodes (high sheet resistances). A poor device design, i.e., an inappropriate selection of materials, will cause a high RS. Since the ITO layer has a sheet resistance of maximum 15 Ω/□ and a thickness of 45 nm, its contribution to the cell RS is only 1.125 Ω⋅cm2.  
Parallel resistance RP  Figure 3.6 shows RSC as a function of log(JSC), reaching the value of RP at the lowest illuminations. Often called shunt resistance, RP is attributed in part to manufacturing defects such as shorts and pinholes that form conductive paths between the electrodes or that bypass the D-A interface. Since RP is dependent on illumination, it could also be explained by the formation of low resistance paths as the illumination intensity increases.                Figure 3.6 RSC as a function of log(JSC). The insert depicts the best fit for the exponential regime, showing that 
RSC is inversely proportional to JSC from 10-1 to 101 mA/cm2 (see Section 3.4). 
r2 = 0.998 
RSC = 1.42 JSC0.98 
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Figure 3.7 shows how the FF tends for an optimum around 1 sun illumination.               Figure 3.7 FF as a function of log(JSC).  
 
Diode characteristics  Figure 3.8 shows VOC as a function of log(JSC). On the medium to high illumination range (Level C), where the effects of RS, RP and Jrec can be discarded [42], a logarithmic fit of the curve can be made in order to obtain a simplification of Eq. 11:   
𝑉𝑂𝐶 = 𝑛𝑘𝑇𝑞 𝑙𝑛 �𝐽𝑆𝐶𝐽0 �                                                             (12)                Figure 3.8 VOC as a function of log(JSC). The insert depicts the best fit for the top exponential regime, showing that RSC is inversely proportional to JSC from 10-1 to 101 mA/cm2.  which can be solved to obtain the characteristic diode terms n and JO for the cells under study. These results are quite different when obtained from the semi-logarithmic fit of the dark J(V) curve (Eq. 10), a method which is usually preferred for determining the diode parameters (Figure 3.9): 
r2 = 0.988 
VOC = 0.0367 ln(JSC) 
                         +0.6353 
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                                                                              Figure 3.9 Dark J(V) curve (diode curve) showing best fit for the exponential regime.  Table 3.2 summarizes the parameters obtained from the VIM analysis:   
 RP , 
Ωcm2 
RS , 
Ωcm2 
Diode 
n 
(VOC vs logJSC)  
J0, mA/cm2 Diode n (Jdark vs V)  J0, mA/cm2 DBP:C70(1:1)(40nm) 208,213 14 1.37 1.30x10-9 2.77 3.68x10-5  DBP:C70(1:1)(30nm) 43,381 10 1.43 3.03x10-8 2.55 1.76x10-5   Table 3.2 Values of the parameters obtained from the VIM analysis.  A comparison between both OSC series provides some insight on the quality of the fabrication process for each cell. Since RS is very similar for both devices and has a low value (<50 Ωcm2), it slightly accounts for the drop in PCE. Actually, the series resistance losses are minor for small areas (<0.2 cm2), and become only important in large area devices with higher conversion efficiencies [44]. Since the conductivity ratio between the 
Al (cathode) and ITO (anode) is ≈ 100, it is the TCO that mainly contributes to RS.  A low value of RP (i.e. high current leakage) partially justifies the reduced PCE for the 30 nm i-layer. As explained before, the creation of low resistance paths between the electrodes can create an inverse current that reduces the effective photogeneration. One cause for this effect can be explained by free carriers back-transferring from the electrode into the active layer. Nevertheless, the presence of HTL and ETL layers that promote charge separation should buffer these back-transfer effects, meaning that fabrication defects such as shorting pinholes account for most of RP [45]. Another possible cause is the resistive effect that exciton disassociation has when approaching V = 0, affecting the FF and the EQE when the disassociation is incomplete [46].   In addition, the 30 nm i-layer has a saturation current JO (as obtained from the VOC vs log(JSC) plot) one order of magnitude greater, decreasing further the value of  J(V). The discrepancy in the diode parameter determination implies that the equivalent circuit model might be incomplete. On one side, the dark J(V) fit is highly influenced by RP (at short circuit) and by RS (at open circuit), resulting in a very short exponential regime. On 
r2 = 0.995 
Jdio = 1.76x10-5 ⋅e15.29 
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the other side, the VOC vs log(JSC) fit is done under illumination, masking the real behavior of the diode. This issue has been approached by [47] by splitting RP into two components: a dark shunt (RP,dark) and a light-dependant shunt (Rphotoshunt), both in parallel.  Nonetheless, determination of the diode ideality factor under illumination has been reported to provide useful information about the quality of the carrier transport and the type of electron-hole recombination [48]. Ideality factors of 1.3 – 2.0 have been reported for small molecule organic solar cells [24] [34], which could be indicative of a trap-assisted (monomolecular) recombination process (𝐽𝑆𝐶  𝛼 𝑃𝑖𝑛𝑥  , x = 1). Still, voltage dependence has been observed in which recombination evolves from first order in short circuit to being second order (bimolecular) at open circuit conditions (𝐽𝑆𝐶  𝛼 𝑃𝑖𝑛𝑥  , x = 0.5) [49].   
3.4. Effective mobility-lifetime product (μτeff) of charge carriers  
Collection voltage and recombination losses  Parting from the fact that RSC is inversely proportional to JSC (insert of Figure 3.6) over a wide range of illumination levels, the following expression can be applied:  
𝑅𝑆𝐶 = 𝑉𝐶 ∙ 𝐽𝑆𝐶−1                                                               (13)  where VC is a constant factor referred as the collection voltage of the solar cell.   A simple graphical interpretation for VC is obtained when analyzing the J(V) curves for the different illumination levels applied to the solar cell series under study (Figure 3.10). VC can then be interpreted as that single point where all 1/RSC slopes meet when extrapolated into the x axis. This fact also implies that, under reverse bias conditions, the photocurrent is proportional to the light intensity (JSC α Jph) [50].   
   
 
 
 
 
 
   Figure 3.10 J(V) curves for the OSC measured with the VIM. The collection voltage VC is obtained by the x-axis intersection of the 1/RSC slopes. 
1 𝑅𝑆𝐶⁄ = (𝜕𝐽 𝜕𝑉⁄ )𝑉=0 
 
JC(VC)=0 
1 𝑅𝑆𝐶⁄ = (𝜕𝐽 𝜕𝑉⁄ )𝑉=0 
 
JC(VC)=0 
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This collection voltage, which ideally would be independent from light intensity4, can be related to the recombination losses of the OSC by adding the recombination current Jrec to the equivalent circuit, accounting for the recombination losses in the i-layer (bulk HJ) of the solar cell [42] [50].   A simple relationship between Jrec and RSC may be obtained by differentiating Eq. 11 and evaluating it at short circuit conditions [51]:  
1
𝑅𝑆𝐶
= 1𝑛𝑉𝑇𝐽𝑜𝑒𝑥𝑝�−𝑅𝑆𝐽𝑆𝐶𝑛𝑉𝑇 �+ 1𝑅𝑃+𝜕𝐽𝑟𝑒𝑐𝜕𝑉 �𝑠𝑐
1+
𝑅𝑆
𝑛𝑉𝑇
𝐽𝑜𝑒𝑥𝑝�−
𝑅𝑆𝐽𝑆𝐶
𝑛𝑉𝑇
�+
𝑅𝑆
𝑅𝑃
                                              (14)  and since the values obtained in Table 3.2 make all other terms negligible:                            1
𝑅𝑆𝐶
≈
𝜕𝐽𝑟𝑒𝑐
𝜕𝑉
�
𝑠𝑐
= 𝐽𝑆𝐶
𝑉𝐶
                                                         (15)  Within this context a lower VC would mean higher recombination losses. By analyzing Eq. 15, these losses will be proportional to the illumination level (Jrec α JSC α Jph) and dependent on the voltage ( 𝜕𝐽𝑟𝑒𝑐 𝜕𝑉⁄  ). This expression, along with some assumptions, will allow us to determine a simple analytical model that relates VC to the carrier transport quality of the organic intrinsic layer (μτeff).  
Analytical model  A few assumptions and modeling simplifications were done, many of them based upon the experimental behavior of i-layers in amorphous silicon solar cells but completely extendable to bulk heterojunction organic solar cells:  a) Charge collection in bulk HJ solar cells is mainly a drift-driven process, while diffusion plays a minor role [52]. This means that Eq. 4 has only the drift term, while Eq. 5 defines the distance charge carriers travel under the effect of an electric field. It has been estimated that 𝐽𝐷𝑖𝑓𝑓 ≈ 140𝐽𝐷𝑟𝑖𝑓𝑡 [53].  b) The electric field 𝐸�⃗  is constant through the intrinsic layer, with negligible deviations in thin devices (<100 nm) [52] [47]. Under this assumption, the electrostatic potential acting on the active layer is defined by the difference between the built-in voltage across the electrodes (Vbi) and the applied voltage V:  
𝐸�⃗ =  𝑉𝑏𝑖−𝑉
𝐿
                                                             (16)  c) These two assumptions lead to a third one: the induced current in the external circuit by photoexcited electrons and holes is proportional to the sum of their drift 
                                                 
4 This is valid only for intermediate illumination ranges (i.e. Level C), where the effect of RS, RP or the diode current J0 are negiglible. 
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lengths, defined as the collection length lc  = le + lh [52]5. For the case of thin active layers compared to the long collections lengths (lc > L) [51]:  
𝐽 ≈ 𝑞𝐺𝐿 �1 − �𝐿 2𝑙𝑐� ��                                                  (17)  where L is the i-layer thickness and G is the net generation rate of charge carriers. The term between brackets can be interpreted as the collection efficiency, 
𝜂𝑐 = 1 − (𝐿 2𝑙𝑐⁄ ) . Since 𝑙𝑖 = 𝜇𝑖𝜏𝑖𝐸�⃗  (Eq. 5), the collection length can be redefined:  
𝑙𝑐 = (𝜇𝑒𝜏𝑒 + 𝜇ℎ𝜏ℎ)𝐸�⃗ = 𝜇𝜏𝑒𝑓𝑓  𝑉𝑏𝑖−𝑉𝐿                           (18)  The validity of these assumptions is limited to small applied voltages, thin i-layers and low defect densities (or few traps for recombination) [42] [51]. The voltage applied is especially critical, since only at moderated voltages the contributions from the diode term and RP will be negligible so that the recombination current becomes the sole factor that decreases the output current:  
𝐽 =  𝐽𝑝ℎ − 𝐽𝑟𝑒𝑐                                                            (19)  Since 𝐽𝑝ℎ = 𝑞𝐺𝐿, Eq. 19 can be rearranged to obtain a relationship between Jrec and μτeff:  
𝐽𝑟𝑒𝑐 = 𝐽𝑝ℎ �𝐿 2𝑙𝑐� � = 𝐽𝑝ℎ 𝐿2 2⁄𝜇𝜏𝑒𝑓𝑓(𝑉𝑏𝑖−𝑉)                                   (20)  Finally, by evaluating the derivative 𝜕𝐽𝑟𝑒𝑐 𝜕𝑉⁄ |𝑠𝑐  (Eq. 15) a direct link between VC and the quality of carrier transport is established [51]:     𝑅𝑠𝑐 = �2𝜇𝜏𝑒𝑓𝑓𝑉𝑏𝑖
𝐿2 − 1� 𝑉𝑏𝑖𝐽𝑠𝑐   = 𝑉𝐶𝐽𝑠𝑐                                (21) 
 
Determination of μτeff and discussion 
 After extracting the value of VC from the experimental VIM data (Figure 3.6) and considering a Vbi = Wanode − Wcathode = 0.7 V, the effective mobility-lifetime product of each OSC is calculated (Table 3.3). The values are in close accordance with other reported experimental data [54] [55] [56].  
 VC , 
V 
μτeff , 
cm2/V 
lC,  
nm ηC 
Jrec, mA/cm2 DBP:C70(1:1)(L = 40nm) 3.07 3.07x10-10 173.5 88% 1.46 DBP:C70(1:1)(L = 30nm) 1.42 3.56x10-11 50.6 70% 2.60  Table 3.3 Values for the carrier collection process obtained from the VIM analysis. 
                                                 
5 lC is interpreted as the mean distance these charges travel before recombining. 
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Results show some insight on the quality of the carrier transport process. For the case of 40 nm layer thickness, a high μτeff can correlate to higher current extraction into the electrodes, indicating fewer losses by recombination (and higher PCE). Furthermore, the collection length (at short circuit conditions) is almost 4 times larger than the active i-layer resulting in a carrier collection efficiency of 88%, meaning that only 12% of the incident photocurrent is lost as recombination (Jrec).   For the case of the 30 nm layer thickness, μτeff ’s low value directly contributes to the poor carrier transport quality (and low PCE) of the device. Although the collection efficiencies seem comparable, a μτeff with one order of magnitude smaller leads to a 75% increase in the recombination current. For a same i-layer thickness and all other variables being equal, a five-fold increase in μτeff can result in a 10% increase in JSC and a 40% increase in the FF [54].  Since RP is a usually taken as a measure of the fabrication quality of the device, both a low 
RP and a low μτeff could be related. A low i-layer quality (uneven deposition, large grains) could create barriers for charge carriers, increasing the drifting distance to the electrodes. These barriers would also decrease charge mobility and serve as traps for recombination.  
 
 
3.5. Cell degradation     One of the main drawbacks of organic solar cells is that they are prone to chemical degradation in the presence of oxygen and humidity (ambient air) and enhanced by long-term illumination periods, making it necessary to encapsulate the device under transparent polymer membranes or glass.   The organic layers oxidize easily due to oxygen diffusion through the outer electrodes, while illumination (especially in the UV range) promotes light-induced degradation (Figure 3.11). Higher temperatures also accelerate degradation, and the low thermal stability of the materials (due to a low glass-transition temperature Tg) may cause physical degradation of the nanostructures [57]. Nevertheless, several reports have been published on long-term stability with encapsulation, passing 1,000 hours under normal and accelerated illumination conditions with minor losses in performance [58] [59].             Figure 3.11 Cross section view of an OSC and some degradation mechanisms that reduce lifetime. Source: [57] 
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An insight on the causes of cell degradation can be obtained by applying the VIM methodology across a window of time. Since RS, RP and μτeff are related to specific quality aspects of the cell, a distinction can be made between degradation of the bulk heterojunction and other sections of the cell.  For the cell with 30 nm i-layer (1:1 DBP:C70), VIM measurements were done right after cell fabrication and then every 5 hours. The cell remained inside the measuring prototype under N2 atmosphere, in a fixed position and under dark conditions in between measurements. Figure 3.12 and Table 3.4 show the performance parameters for one measure of the VIM data at an illumination of approximately 1.3 suns6:                   Figure 3.12 OSC with DBP:C70 (1:1, 30 nm) performance parameters across 30 h (normalized to initial values) 
for an incident illumination of ≈ 1.3 suns Cells were under N2 atmosphere. Insert shows J(V) curves.  
 PCE FF PMAX,  mW/cm2 JSC,  mA/cm2 VOC, V Diode n (VOC vs logJSC)  J0, mA/cm2 DBP:C70(1:1)(30nm) after fabrication (0 h) 1.60% 38% 2.1 7.77 0.71 1.41 3.03 x10-8 DBP:C70(1:1)(30nm)  degraded (30 h) 0.66% 35% 0.86 3.60 0.68 1.40 2.65 x10-8  Table 3.4 Main performance parameters for OSC with DBP:C70(1:1, 30 nm) at t = 0 h and t = 30 h. PCE is calculated at an irradiance of  ≈ 1.3 suns.  Even though the cell was kept under N2 atmosphere and it was only illuminated every 5 hours during data acquisition, the decrease in the conversion efficiency is substantial (59%). The largest contribution comes from a JSC drop of 54%, while FF drops only by 7% and the VOC remains almost constant. This is consistent with experimental results reported by [60], where similar losses in JSC and PCE occurred when measuring the cell under ambient air conditions. Almost no change was observed for n nor J0, although reported degradation tests have signaled an increase in both parameters as a possible reason for loss of efficiency [45].  
                                                 
6 Pin ≈ 130.8 mW/cm2 ( ≈ 1.3 suns), estimated by linear interpolation considering 𝐽𝑆𝐶  𝛼 𝑃𝑖𝑛𝑥 , with x = 1. 
 h   h 
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As to the explanation for this sudden drop in performance in just a few hours, it could mean that the N2 seal is not tight enough, allowing O2 to diffuse into the device.  Once O2 and H2O reach equilibrium with the atmosphere, they can diffuse through the back of the cell, either by the Al cathode or the freely-exposed organic layers. Another cause for premature failure could be the low glass-transition temperature for BCP (Tg =62 °C), which is exceeded during post-fabrication annealing and could cause a morphology change that promotes O2 diffusion from the BCP layer into the photoactive material [59].  Analysis of the characteristic resistances (Figure 3.13a) shows that, contrary to intuition, 
RP increases with time. This indicates a lack of shunt formation during degradation, meaning that the loss in performance cannot be attributed to RP (the same behavior was observed in [45], although the device was properly encapsulated). RS increases slightly, somewhat explaining the decrease in FF. This is attributed to degradation outside the i-layer, such as corrosion or delamination of the contacts, leading to a drop in conductivity and a change in the work function.    
 
 
 
 
 
                                                 (a)                                                                                                              (b)  Figure 3.13 Resistance (a) and carrier collection (b) parameters for OSC with DBP:C70 (1:1, 30 nm), as obtained from VIM measurements across 30 hours under N2 atmosphere.  Figure 3.13b shows how μτeff  also decreases with time, clearly representative of a loss in carrier mobility and/or lifetime. Following the same rationale as in [54], a five-fold decrease in μτeff  led to a larger than expected drop in JSC and FF, indicating that some other factor (different from ηCC) contributes to the drop in conversion efficiency. This major degradation factor could be a) a loss of absorbance of the active layers (ηA), b) a loss in the exciton diffusion capability (ηED), or c) a loss in the charge transfer efficiency (ηCT).  This last possibility seems probable, and it has been explained by [60] as the formation of a space-charge region within the active layer due to p-doping by oxygen. This effect shields the electric field inside the active layer and inhibits charge carrier extraction, which leads to a drop in JSC.   It is worth noting that a fraction of the degradation suffered by the organic materials has been reported to be of reversible nature, with JSC partially recovering after a short annealing period at 140 °C [60].  
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4. Conclusions  Current targets for Organic Solar Cells (OSC) are related to achieving higher conversion efficiencies, higher operational stability and simpler high-throughput manufacturing processes allowing them to be competitive against traditional silicon technologies. It was the objective of this project to further understand the photon-to-electron conversion processes that occur within an OSC with the purpose of optimizing the different cell performance parameters.   In order to determine the influence each cell parameter has on the overall power conversion efficiency, variable intensity measurements (VIM) were performed on a series of bulk heterojunction cells with structure ITO/MoO3/DBP:C70(1:1, intrinsic)/BCP/Al, utilizing two different active layer thicknesses (30 and 40 nm).   Within the context of an equivalent electric circuit model, different parameters were obtained by analyzing the VIM data. RS of the devices was found to have little influence on the PCE, with values below 15 Ωcm2, while the lower RP (< 50 kΩcm2) for the 30 nm cell indicates high current leakage that decreases its efficiency. The diode saturation current (10-5 - 10-9 mA/cm2) could be decreasing J(V) performance, but the two methods used to obtain the diode parameters (under dark and under illumination) were in contradiction.  VIM data was also used to quantify charge carrier transport quality by determining the effective mobility-lifetime product (μτeff ) as a function of the collection voltage VC. The 40 nm cell had a μτeff  one order of magnitude higher than the 30 nm cell, suggesting a high charge collection efficiency and consequently a higher JSC.  The comparison of all VIM performance parameters was useful to understand the different process contributions to the external quantum efficiency (𝐸𝑄𝐸 = 𝜂𝐴 ∙ 𝜂𝐸𝐷 ∙ 𝜂𝐶𝑇 ∙ 𝜂𝐶𝐶). Considering that the state-of-the-art active materials selection was appropriate (high absorption, moderate exciton diffusion lengths), the absorption and exciton diffusion efficiencies were probably at their best, except for their chemical purity and the DBP:C70 optimal ratio. On the other hand, the charge transfer and collection efficiencies could be deficient due to current leakage (low RP) and low μτeff , resulting in very poor fill factors (<45%).  Finally, VIM data was analyzed during a time frame in search for signs of degradation. Although O2-induced degradation was non-intentional, a clear deterioration of the PCE was observed, decreasing 59% in only 30 hours. The cause for deterioration is attributed to a failure of the N2-atmosphere packing of the measuring prototype, allowing O2 to diffuse and deteriorate the active layer and its charge transfer-collection capabilities, resulting in a loss of JSC and μτeff .   In conclusion, all three objectives of this project were successfully achieved. The VIM methodology was proven to be consistent with the equivalent electric circuit model and its underlying assumptions. Still, some of the measured variables differed from the references, implying that further model modifications need to be done. In general, a deeper understanding of the organic solar cell operation mechanisms was accomplished. 
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5. Future Work  Firstly, the DBP:C70 ratio needs to be optimized. Although 1:1 and 1:2 ratios have been tested, there are indications that smaller ratios (up to 1:8) are needed. As there is only one quartz crystal microbalance in place, such small ratios could be hard to reach.  Secondly, the effect of post-fabrication annealing needs to be studied, especially its effect on BCP’s morphology and photoelectrical properties.   Third, future VIM experiments should be done using the same wide-range illumination 
regime (≈ 4 suns – 1/104 suns). Under this range, parameters tend to their actual values and the quality of the data is improved.  Finally, additional measurements have to be done to determine the degradation mechanism of the device, such as absorption, external quantum efficiency and impedance measurements, just to name a few of them. The reliability of the N2-atmosphere seal in the measuring prototype could be inappropriate a need redesigning.  In relation to the quality of cell fabrication, the following improvements could be done:  1) Eliminate the variation in cell area. This is attributed to variation in the deposited ITO strip in the substrate, which sometimes doesn’t align with the shadow mask.  2) Evaluate the effect of organic material purification on cell performance, since purity of the materials (>99.9%) might not be sufficient to reach optimal 
PCEs.                    
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